The modified sessile drop method (MSDM) and modified pycnometric method (MPM) have been employed to measure the densities of liquid Ni-Co, Ni-W, Ni-Ta and Ni-Al alloys precisely. In the case of Ni-Al alloys measurements were also made in the ''mushy'' state where both solid and liquid coexist. There was a good agreement between the values measured by the two methods. The density of liquid Ni-base binary alloys from the melting points to 1833 K and that of Ni-Al alloys in the mushy state decrease linearly with increasing temperature. The temperature coefficient of the density of Ni-base binary alloys measured in this work was regressed as a quadratic function of the concentration of alloy element. The measured density of Ni-base binary alloys at any required temperature can also be expressed as a quadratic function of the concentration of alloy element. The recommended equations for the density of Ni-base binary alloys were obtained as a function of composition and temperature by regressing the density values measured by both MSDM and MPM. The calculated values from the recommended density equations show good agreement with those obtained with both methods.
Introduction
Accurate measurements of the density () and its temperature dependency (d=dT) are needed to eliminate problems encountered in the solidification of Ni-base superalloys, such as spurious grain growth and ''freckle'' formation.
A literature review indicated that although the density of liquid nickel has been measured by a variety of techniques, there is a large scatter in the reported density values and its temperature dependency for liquid nickel because of the experimental uncertainties associated with different methods. 1, 2) Furthermore, there are very few reports on the measurement of the density of Ni-base alloys in relation to the effects of composition and temperature. Eremenko and Naidich 3) measured the density of Ni-Cr alloys in liquid and ''mushy'' (ie solid+liquid) states for Cr concentrations between 9 and 57 mass% using the large drop method. Watanabe et al. 4) and Dizhemilev et al. 5) measured the densities of liquid Ni-Co alloys. Watanabe et al. 4) reported that densities of liquid Ni-Co alloys (for Co concentrations between 20 and 80 mass%) decreased with increasing temperature in the range (1784-1948 K). The densities of liquid Ni-Co alloys at 1823 K, 1873 K and 1932 K changed with Co concentration in the form of wavy lines but decreased with increasing Co concentration below 40 mass %. The densities of liquid Ni-Co alloys at 1823 K reported by Dizhemilev et al. 5) also changed with Co concentration in the form of a wavy line but increased slightly with increasing the Co concentration below 16 mass%. This is in contradiction with the results reported by Watanabe et al. 4) Sung et al. 6) cited measured densities of five Ni-base superalloys but did not indicate any details of the measurement method.
We have developed two methods, denoted the modified sessile drop method (MSDM) and modified pycnometric method (MPM) to measure accurately the densities of liquid nickel and Ni-base model alloys and commercial alloys in liquid and mushy states. The principles of the two methods and their advantages have been detailed in previous papers. 1, 2) The densities of liquid nickel and Ni-Cr alloys in liquid and mushy states have been measured precisely by both methods. These two methods (MSDM and MPM) have the following advantages over the traditional sessile drop method and pycnometric method, . Higher precision, with a continuous measurement of density for a large variety of materials over a wide temperature range (including the mushy state). . The possibility of determining the solidus and liquidus temperatures of some multi-component alloys. Total maximum relative error have been estimated to be AE0:75% for MSDM and AE0:30% for MPM by rigorous calculation of the errors associated with the measurement of sample mass and volume. There is good mutual agreement between the density data obtained by MSDM and MPM, differences in density values being less than 0.16% for liquid Nickel and 0.25% for liquid Ni-Cr alloys. This difference was considered to be the result of the systematic errors associated with the two methods. In order to minimize the influence of the systematic errors of the two methods on the measured value of density, a least-square analysis was carried out on the density data (obtained with the two methods) for liquid nickel and Ni-Cr alloy and equations were recommended. These recommended equations for the densities of Ni-Cr alloys in the mushy state were obtained by combining the density value at the liquidus temperature (calculated from the recommended equation of liquid nickel-chromium alloy) with the value of (d=dT) obtained by MPM since the measurement accuracy of MPM is higher than that of MSDM.
It was found that the solidus (T sol ) and liquidus (T liq ) temperatures of alloy can be evaluated by the observation of drop profile and an analysis of the change of density value with the temperature since the surface of the drop changes from smooth into rough around T sol in MSDM measurement and (d=dT) for the alloy changes possibly at T sol and T liq . The solidus and liquidus temperatures of Ni-Cr alloys evaluated by the two methods were in good agreement with those derived from the phase diagram of Ni-Cr alloy.
Ni-base superalloys are mainly composed of nickel and alloy elements such as chromium, cobalt, tungsten, tantalum, aluminum, etc. In this work, the densities of liquid Ni-Co, Ni-W and Ni-Ta alloys and Ni-Al alloys in liquid and mushy states have been measured by both MSDM and MPM as a function of composition and temperature.
Experimental
Both methods (MSDM and MPM) were employed to measure accurately the densities of liquid Ni-Co, Ni-W and Ni-Ta alloys and Ni-Al alloys in the liquid and mushy states. The experimental procedures used have been described in detail in previous papers. 1, 2) The experimental samples of Ni-base binary alloys are composed of Ni (80 mass%)-X (20 mass%, X=Co, W, Ta, Al) master alloy discs cut from high purity Ni (80 mass%)-X (20 mass%) master alloy ingot rods, and the insufficient nickel mass is replenished by nickel disc cut from high purity nickel rod. The chemical compositions of the alloy elements in the alloys after experiments were analysed by radio frequency inductively coupled plasma (I.C.P.) emission spectrometry. The infrared adsorption and thermal conductimetric method after fusion in a He gas flow was adopted to analyse oxygen concentration in the alloys, and the infrared adsorption method after combustion in an induction furnace for sulphur concentration in the alloys.
It should be mentioned that in this work all the T sol and T liq values were obtained from the phase diagrams of binary Nibase alloys. [7] [8] [9] [10] [11] [12] [13] [14] For Ni-Co alloys, the temperature range of the mushy phase is very narrow, only a few degrees or even less (e.g., about 0.3 K at 50 mass% Ni alloy). 8, 12) The densities of Ni-W and Ni-Ta alloys below the liquidus temperature were measured but the temperature coefficient (d=dT) below T liq was almost identical to that in liquid state. Consequently, only the densities of liquid Ni-Co, Ni-W and Ni-Ta alloys were discussed. In Ni-Al alloys the mushy range extends over a relatively wide temperature, so densities were determined in both the liquid and mushy states. The absolute values for Ni-Al alloys of the temperature coefficients of densities in the mushy state are larger than those for the liquid state (this is described in section 3.5). Therefore, the densities of Ni-Al alloys are expressed with two separate equations for the liquid and mushy states respectively.
The linear thermal expansion of alumina crucibles was remeasured because all the alumina crucibles used in this work for MSDM and MPM may be slightly different from those reported in previous papers. 1, 2) Using a gauging microscope (minimum gauge unit is 0.001 mm), it was measured by comparing the photographed image on nega film of MSDM crucible between the experimental temperature of 1573-1833 K and room temperature. The average values of the linear thermal expansion for all the MSDM crucibles were used to calculate the sample volume in both MSDM and MPM.
Results and Discussion

Thermal expansion of alumina crucible
As shown in Fig. 1 , the measured linear thermal expansion of MSDM crucibles had an experimental uncertainty of AE0:08. The average value can be expressed by eq. (1):
where L (%) is the linear thermal expansion of crucibles, T (K) temperature. In this work, the average thermal expansion was used to calculate the sample volume at the experimental temperature for both MSDM and MPM, where the maximum difference between the real value and the average value of linear thermal expansion is AE0:08%. Therefore, the maximum uncertainty in the measurement of density arising from uncertainties in the thermal expansion of the alumina crucible in this work is calculated to be AE0:17% for MSDM and AE0:24% for MPM using the estimation method reported previously. 1, 2) Consequently, the total maximum relative error of density in this study is estimated as AE0:88% for MSDM and AE0:48% for MPM when the other sources of uncertainty are taken into account. 1, 2) 
Density of Liquid Ni-Co Alloys
The density of liquid Ni-Co alloys with Co between 0 and 18.70 mass% were measured by both MSDM and MPM and the results are shown in Fig. 2 along with the density of liquid Ni-Co alloys reported by Watanabe et al.
4) The densities of liquid Ni-Co alloys measured in this work were found to decrease linearly with increasing temperature. The densities of liquid Ni-Co alloys with 20.10-80.10 mass%Co reported by Watanabe et al. 4) also decreased with increasing the temperature ranging from 1784 K to 1948 K, but the temperature coefficient is smaller than that obtained in this work.
The measured densities of liquid Ni-Co alloys for Co concentrations between 0 and 18.70 mass% can be expressed as a function of temperature as shown in 4) and Dizhemilev et al., 5) and can be expressed as a quadratic function of Co concentration ( Table 2 ). As shown in Fig. 3 , the dependencies of densities of liquid Ni-Co alloys reported by Watanabe et al. 4) with Co concentration (between 0 and 100 mass%) have the form of a wavy line and decreased with increasing Co concentration between 0 and 40 mass%. The densities of liquid Ni-Co alloys measured by Dzhemilev et al. 5) increased with increasing Co concentration between 0 and 16 mass% at 1823 K.
Temperature coefficients of the density for liquid Ni-Co alloys, k ¼ ðd=dTÞ p (MgÁm À3 ÁK À1 ) as shown in Table 1 and 
Therefore, a least-square analysis of the data obtained by MSDM and MPM gives the equations for the densities of liquid Ni-Co alloys as functions of both Co concentration and temperature as eqs. (4) and (5) for MSDM and MPM, respectively. MSDM: MPM:
where T L is the liquidus temperature of the alloy.
There is a good agreement between the data measured by MSDM and MPM, and the difference between the density values measured by the two methods is less than 0.13%, which can be regarded as the systematic errors of the two methods. Then in order to offset the influence of the systematic error of the two methods on the measured value of density, all the data for the densities of liquid Ni-Co alloys obtained by the two methods were subjected to a least-square analysis and the resulting equation (eq. (6)) is recommended.
The difference between the calculated value obtained with eq. (6) and the measured value is smaller than AE0:90%.
Densities of liquid Ni-W alloys
The effects of both W concentration and temperature on the densities of liquid Ni-W alloys were determined by both MSDM and MPM. The experimental results are shown in Fig. 5 and in Table 3 . The densities of liquid Ni-W alloys for W concentrations between 0 and 15.0 mass% was found to decrease linearly with increasing temperature from the liquidus temperature of the alloy to 1873 K. The volume thermal expansion coefficients of liquid Ni-W alloys were found to be in the range of 1:29 Â 10 À4 to 1:91 Â 10 À4 K À1 . The temperature coefficients k of the density for liquid Ni-W alloys are given in Table 3 and Fig. 6 . Least-square analysis produced the quadratic function of W concentration shown in eq. (7) for MSDM and eq. (8) 
As shown in Fig. 7 and Measurement of the Density of Binary Ni-X (X=Co, W, Ta, Al) AlloysMSDM:
where T L is the liquidus temperature of Ni-W alloy. The values obtained by the two methods are in good agreement with the difference between the density values measured by the two methods being smaller than 0.58% which can be regarded as the result from the systematic errors of the two methods. The effect of the systematic errors of the two methods on the measured density, was minimised by carrying out least-square analysis on all the density data for liquid Ni-W alloys obtained by the two methods. The following equation is recommended. Tungsten concentration, C W (mass%) 
The difference between the calculated value obtained with eq. (11) and the measured value is smaller than AE0:65%.
Densities of liquid Ni-Ta alloys
The densities of liquid Ni-Ta alloys with Ta contents between 0 and 10.02 mass% were measured by both MSDM and MPM. The densities decreased linearly with increasing temperature from the melting point to 1873 K as shown in Fig. 8 and can be expressed by the equations in Table 5 . The volume thermal expansion coefficients of liquid Ni-Ta alloys were found to be in the range of 1:04 Â 10 À4 $ 1:91 Â 10 À4 K À1 . The temperature coefficients k of the densities of liquid NiTa alloys are given in Table 5 and Fig. 9 . Least-square analyses yielded quadratic function of Ta concentration, namely, eq. (12) for MSDM and eq. (13) 
The relationship between the densities of liquid Ni-Ta alloys and Ta concentration was obtained using the leastsquare method as a quadratic function of Ta concentration, and the results were shown in Table 6 and Fig. 10 .
The densities of liquid Ni-Ta alloys as functions of Ta concentration and temperature can be expressed by eq. (14) for MSDM and eq. (15) for MPM. MSDM
There is a good agreement between the data measured by both MSDM and MPM. The difference between the density values measured by the two methods is less than 0.35%. A least square analysis of all density data for liquid Ni-Ta alloys obtained with the two methods resulted in eq. (16). 
The difference between the calculated density by eq. (16) and the measured value is less than AE0:72%.
Densities of Ni-Al alloys in liquid and mushy states
The densities of Ni-Al alloys in both liquid and mushy states were measured by both MSDM and MPM as functions of Al concentration and temperature. The experimental results are shown in Fig. 11 .
Densities of liquid Ni-Al alloys
The densities of liquid Ni-Al alloys containing 0$10:12 mass% Al decrease linearly with increasing the temperature (from the melting point to 1873 K) as can be seen from Fig. 11 . The densities are expressed by the equations in Table 7 . The volume thermal expansion coefficients of liquid Ni-Al alloys were found to be in the range of 1:16
The temperature coefficients k of the densities of liquid NiAl alloys are given by the equations in Table 8 and shown in Fig. 12 . It can be expressed as a quadratic function of Al concentration using the least-square analysis by eq. (17) for MSDM and eq. (18) for MPM. The temperature coefficients obtained by two methods are in good agreement.
MPM :
As shown in Fig. 13 and equations in Table 8 
At identical compositions and temperature the difference in the density of liquid Ni-Al alloys obtained by MSDM and MPM is less than 0.42%. The effect of systematic errors associated with the two methods on the measured value of density was minimized by carrying out a least-square analysis on all the density data of liquid Ni-Al alloys obtained with the two methods. The following equation was obtained:
Densities of Ni-Al alloys in the mushy state
The temperature dependencies of the densities of Ni-Al alloys in the mushy state are shown in Fig. 11 and by the equations in Table 9 . As shown in Fig. 12 , the absolute values of the temperature coefficients of densities in the mushy state are larger than those for the liquid Ni-Al alloys. It can be seen from the equations in Table 9 that the temperature coefficients of the densities of Ni-Al alloys in the mushy state increase with increasing Al concentration. The differences in temperature coefficients obtained with the two methods may arise from the error caused by the solid particles in the sample in the mushy state. The following equations for k were obtained by the least-square method.
Least-square analyses of our data obtained with both MSDM and MPM give the following equations for the densities of Ni-Al alloys in the mushy state as a function of both temperature and aluminum concentration: MSDM
where T S is the solidus temperature of Ni-Al alloys. The data determined by the two methods are in good agreement. Since the measurement accuracy in the mushy state of the alloy is higher for MPM than that for MSDM, the influence of the systematic error of the two methods on the measured density values was minimized in the following manner. The recommended densities of liquid Ni-Al alloys at the liquidus temperature were calculated from the recommended equation (eq. (21)) and then combined with the temperature coefficient of Ni-Al alloys obtained by MPM for the mushy state to give the following equation. The density values measured in present work and those calculated from eq. (26) show good agreement and the difference between the calculated values by eq. (26) and the measured values is less than AE0:85%.
Conclusions
The densities of liquid Ni-Co, Ni-W and Ni-Ta alloys and those of Ni-Al alloys in liquid and mushy states have been precisely measured by two methods, ie the modified sessile drop method (MSDM) and modified pycnometric method (MPM). The following results were obtained.
(1) There is a good agreement between the density values measured by the two methods for all the Ni-base binary systems investigated in this work. The difference in the density of the alloys at the identical composition and temperature measured by MSDM and MPM is less than 0.13% for Ni-Co alloy, 0.58% for Ni-W alloy, 0.35% for Ni-Ta alloy, and 0.42% for Ni-Al alloy. (2) The densities of Ni-base binary alloys investigated in this work decrease linearly with increasing temperature in the experimental temperature range. The relationship between the densities of Ni-base binary alloy and the concentration of alloy element is a quadratic function of the alloy element content at a certain temperature. The temperature coefficient of the density of the Ni-base binary alloys can be also expressed as a quadratic function of the concentration of the alloy element. The absolute value of the temperature coefficient of density in the mushy state is larger than that of the liquid alloy for Ni-Al alloys. (3) The recommended equations for the densities of Nibase binary alloys investigated in this work were obtained by subjecting the combined density data (measured by both MSDM and MPM) to least-square analysis. The difference between the calculated values (from recommended equations) and measured values (by both MSDM and MPM) is less than AE0:90% for Ni-Co alloy, AE0:65% for Ni-W alloy, AE0:72% for Ni-Ta alloy and AE0:85% for Ni-Al alloy in the mushy state.
